This study tests the hypotheses that a recruitment maneuver per se yields and/or intensifies lung mechanical stress. Recruitment maneuver was applied to a model of paraquat-induced acute lung injury (ALI) and to healthy rats with (ATEL) or without (CTRL) previous atelectasis. Recruitment was done by using 40 cmH 2 O CPAP for 40 s. Rats were, then, ventilated for 1 h at ZEEP or PEEP (5 cmH 2 O). Atelectasis was generated by inflating a sphygmomanometer around the thorax. Additional groups did not undergo recruitment, but were ventilated for 1 h under ZEEP. Lung resistive and viscoelastic ( P2) pressures, and static elastance (Est) were computed before and immediately after recruitment, and at the end of 1-h ventilation. Lungs were prepared for histology. Type III procollagen (PCIII) mRNA expression in lung tissue was analyzed by RT-PCR. Lung mechanics improved after recruitment in the CTRL and ALI groups. One-hour ventilation at ZEEP increased alveolar collapse, Est and P2. Alveolar collapse was similar in ATEL and ALI, and recruitment opened the alveoli in both groups. ALI showed higher PCIII expression than ATEL or CTRL groups. One-hour ventilation at ZEEP did not increase PCIII expression, but augmented it significantly in the three groups when applied after recruitment. However, PEEP ventilation after recruitment avoided any increment in PCIII expression in all groups.
Introduction
Mechanical ventilation can worsen preexisting lung disease because of regional overdistention or shear forces generated by repeated opening and closing of collapsed alveoli (atelectrauma) (20, 49, 50) . These processes are associated with increased activation of inflammatory mediators and histological lesions indistinguishable from acute respiratory distress syndrome (ARDS) (41, 50-52). In the last 10 years avoidance of ventilator-induced lung injury (VILI) has dominated the literature on the management of ARDS (27, 29, 52).
VILI is the result of a complex interplay among various mechanical forces acting on lung structures during mechanical ventilation. Increased mechanical load in parenchyma cells and connective tissues can initiate an adaptative process to high stress, with collagen deposition and vascular cell proliferation (38). The mechanical factors responsible for VILI are thought to be related to recruitment/derecruitment of previously collapsed alveoli and/or pulmonary overdistension, thereby applying tension to lung parenchyma, especially in the context of ARDS (10).
The lung-protective mechanical ventilatory strategy proposed for ARDS emphasize the need to "open the lung and keep it open" while avoiding alveolar overdistension (32).
USA), and stored on a personal computer. All data were collected using LABDAT software (RHT-InfoData Inc., Montreal, Quebec, Canada).
An arterial cannula was inserted into one of the femoral arteries to sample blood for the determination of oxygen saturation (AVL Biomedical Instruments, Roswell, GA, USA).
Experimental protocol
The experimental protocol is depicted in Figure 1 . Volume control ventilation with a tidal volume of 5 mL/kg BW, a frequency of 80 breaths/min, and inspiratory/expiratory ratio of 1:2 was defined as baseline ventilation. The animals were ventilated with an inspired oxygen fraction (FiO 2 ) of 0.21.
A recruitment maneuver consisting of a single continuous positive airway pressure of 40 cmH 2 O for 40 seconds was then performed. After recruitment, baseline tidal volume, respiratory rate, and inspiratory/expiratory ratio were resumed.
Just after the recruitment maneuver, 5 animals from each group were ventilated for one hour under ZEEP, while other 5 rats were ventilated with 5 cmH 2 O of PEEP, to avoid derecruitment. To analyze the effects of one hour ZEEP ventilation by itself without recruitment maneuver, the animals of the CTRL, ALI, and ATEL groups were ventilated during 1-hour at ZEEP, without a previous recruitment maneuver, constituting the CTRL-ZEEP, ALI-ZEEP, and ATEL-ZEEP groups, respectively (n=4, each). To understand the aspects related to each lung preparation per se, animals from the three major groups (CTRL, ALI, and ATEL) were not submitted to recruitment maneuver or mechanical ventilation, i.e., rats were killed and the lungs were removed at end-expiratory volume (Nonvent CTRL, Non-vent ALI, and Non-vent ATEL groups, n = 5, each). In ATEL group, lungs were removed immediately after the induction of atelectasis.
Respiratory Mechanics
Respiratory mechanical data were obtained in the CTRL and ALI groups at three occasions: before the recruitment maneuver (PRE), immediately after recruitment (RM), and at the end of the 1-hour ventilation period ensuing recruitment (POST).
Respiratory mechanics were measured by end-inflation occlusion method (3, 4, 31) .
Briefly, constant tidal volume (V T = 5 mL/kg) and flow (V'= 6 mL/s) were applied to all animals (31, 48). After end-inspiratory occlusion, there is an initial fast drop in tracheal pressure ( P1,rs) from the preocclusion value down to an inflection point (Pi,rs), followed by a slow pressure decay ( P2,rs) until a plateau is reached. This plateau pressure corresponds to the elastic recoil pressure of the respiratory system (Pplat,rs). P1,rs selectively reflects the pressure spent to overcome the combination of airways, pulmonary, and chest wall Newtonian resistances (3, 5) , and P2,rs reflects the pressure dissipated by stress relaxation, or viscoelastic properties, of the lung and chest wall tissues, together with a small contribution of pendelluft in normal situations (48). The same procedures apply to the chest wall pressure (Pw) yielding the values of P1,w, Pi,w, P2,w, and Pplat,w, respectively. Transpulmonary pressures ( P1,L, Pi,L, P2,L) were calculated by subtracting the chest wall pressures ( P1,w, Pi,w P2,w) from the corresponding values pertaining to the respiratory system ( P1,rs, Pi,rs, P2,rs). Total pressure drop ( Ptot) is equal to the sum of P1 and P2, yielding the values of Ptot,rs, Ptot,L, and Ptot,w. Respiratory system, lung, and chest wall static elastances (Est,rs, Est,L, and Est,w, respectively) were calculated by dividing Pplat,rs, Pplat,L, and Pplat,w, respectively, by V T . All data were analyzed using ANADAT data analysis software (RHT-InfoData Inc., Montreal, Quebec, Canada).
Histological Study
At the end of the experiments, the trachea was clamped at end-expiratory volume, and the abdominal aorta and vena cava were sectioned, quickly killing the animals. The chest wall was opened and the lungs removed en bloc.
A 3x3x10 mm strip of subpleural parenchyma was cut from the periphery of the right lung. Pleural tissue was removed and the strip was stored in liquid nitrogen for analysis of type III procollagen mRNA expression.
In order to perform the morphological study, the left lung was quick-frozen by rapid immersion in liquid nitrogen (36). Fixation was made with Carnoy's solution (ethanolchloroform-acetic acid, 70:20:10) at -70°C. After 24 h, ethanol concentration was progressively increased (70%, 80%, 90%, 100%, respectively, 1 h each solution, at -20°C).
The lungs were then kept in 100% ethanol for 24 h at 4°C. After fixation tissue blocks were embedded in paraffin, and cut 4-µm-thick. Slides were stained with hematoxylin-eosin.
Morphological analysis was performed with an integrating eyepiece with a coherent system made of a 100-point grid and 50 lines, coupled to a conventional light microscope (Axioplan, Zeiss, Germany). The volume fraction of collapsed and normal pulmonary areas and the fraction of the lung occupied by large-volume gas-exchanging air spaces (hyperinflated structures with morphology distinct from that of alveoli and wider than 120 µm) were determined by the point-counting technique (56) at a magnification of x40 across 10 random, noncoincident microscopic fields.
A semiquantitative system was used to account for the severity of alveolar collapse.
A 5-point semiquantitative severity-based scoring system was used. The pathologic findings were graded as negative=0, slight=1, moderate=2, high=3 and severe=4 in 10 noncoincident microscopic fields (100×magnification). A median score for each of the variables (0=normal lung parenchyma; 1=0-25%; 2=25-50%; 3=50-75%; 4=75-100% of areas with alveolar collapse) was then calculated.
Type III Procollagen mRNA expression
The relative expression of type III procollagen mRNA (PCIII) was obtained by semi-quantitative Reverse-Transcription and Polymerase Chain Reaction (RT-PCR) of rat lung tissue in all groups.
Total RNA was isolated from the frozen lung tissue by the method of Chomczynski and Sacchi (14). RNA samples were quantitated by absorbance at 260/280 nm.
To make the first DNA strand, total RNA isolated from rat lung was reversetranscribed with SuperScript (Gibco BRL, Grand Island, NY, USA) at 37°C for 60 min. 
Statistical Analysis
The normality of the data (Kolmogorov-Smirnov test with Lilliefors' correction) and the homogeneity of variances (Levene median test) were tested. Both conditions were satisfied in all instances, and thus one-way ANOVA for repeated measures was used to determine the effect of recruitment maneuver on respiratory mechanics along time in each group. One-way ANOVA was used to compare morphological and mRNA data among all groups. In both cases, if multiple comparisons were required, Tukey test was applied. The significance level was set at 5%.
Results
The respiratory system parameters followed the lung mechanical behavior, because chest wall mechanics did not change among groups. Lung mechanics improved immediately after recruitment maneuver both in CTRL and ALI groups ( Table 1 shows the respiratory system plateau pressures achieved in CTRL and ALI groups in all situations. Plateau pressure (Pplat,rs) was higher in ALI than in CTRL group, fell in both groups after recruitment maneuver, and returned to values similar to or higher than those obtained before RM (PRE) in ZEEP. One-hour ventilation with 5 cmH 2 O PEEP after RM (POST) led to Pplat,rs lower than the values PRE in CTRL group, but similar to PRE in ALI group.
Histological changes in non-ventilated ALI group included interstitial edema, atelectasis, inflammation with increased amount of polymorphonuclear cells, and hyaline membrane. ATEL group depicted only atelectasis without cellular infiltration (Fig. 4 ).
Recruitment maneuver reduced alveolar collapse in ALI and ATEL groups to the same extent, but 1-hour ventilation in ZEEP led to atelectasis even in CTRL group (Table 2) .
Interestingly, recruitment maneuver re-expanded collapsed alveoli more homogeneously in ATEL than in ALI group, which still presented areas of patchy atelectasis after recruitment (Fig. 4 , Table 3 ). Ventilation with PEEP reduced alveolar collapse in ALI and ATEL groups. (Fig. 4 and Table 2 ). 
Discussion
Recruitment maneuver improved lung mechanics, but its beneficial effects disappeared as soon as one hour of ventilation on ZEEP had elapsed. On the other hand, the recruitment maneuver itself increased type III procollagen mRNA expression, even in healthy lungs (Fig. 5) . By contrast, ventilation with 5 cmH 2 O PEEP after recruitment avoided the worsening of mechanical and histological parameters, as well as PCIII mRNA production, observed in all lung preparations (Fig. 6) . Interestingly, although the plateau pressures achieved during PEEP after recruitment were higher than those observed during ZEEP (Table 2) , the PCIII mRNA expression remained much lower under PEEP than under ZEEP. It has been shown that type III collagen increases early in the evolution of lung fibrotic process (40), thus PCIII mRNA expression was used as a marker of lung parenchyma remodeling. It is noteworthy that derecruitment has also to be considered as an additional possible mechanism of damage in this model, since a relatively low recruitment pressure was used. However, we decided to use similar pressures that have been applied in clinical studies. The increase in PCIII mRNA expression in CTRL animals submitted to RM together with the absence of a rise in PCIII mRNA expression in ATEL group without RM suggest that recruitment itself is playing a role in lung damage.
The ALI model used in the present study leads to a well reproducible moderate lung injury, characterized by alveolar collapse, interstitial edema, and hyaline membrane, without alveolar edema (45). The ALI reproducibility was of great importance since lung injury severity as well as ventilation settings could be standardized among all animals, thus avoiding the usual limitations observed in clinical trials. The ATEL model (16) was used to discriminate whether the deleterious effects of recruitment maneuvers were related to the previous degree of atelectasis present in our ALI model (45), or, alternatively, to parenchymal inflammation.
Recruitment maneuvers are characterized by sustained increase in airway pressure (26).
The use of recruitment maneuvers has been suggested as adjunct to lung-protective ventilation strategies in ARDS patients (1) . It is also of use during general anesthesia to improve arterial oxygenation, which is mainly thwarted by atelectasis (25, 46, 47, 55). However, controversy exists over the possibility of harm being caused by recruitment because of excessively high intrathoracic pressure and volume (8, 11, 19, 54) . The literature has a paucity of data on various methods of performing an RM in animal or human subjects (30). In the present study, (Fig. 3 ) supported their findings, it is interesting to note that this was not enough to increase PCIII mRNA expression in lung tissue. PCIII mRNA expression was only triggered when 1-h ZEEP ventilation was preceded by a recruiting maneuver (Fig. 5 ).
Acute lung injury animals, not submitted to RM, showed increased PCIII mRNA expression in the pulmonary tissue (Fig. 5) . These results are in accordance to what observed in ARDS, where type III collagen predominates early at the early phase of the disease (15, 40).
Kloot et al. (30) demonstrated that responses to PEEP, tidal volume, and
recruitment differ among models of ALI induced by lavage, oleic acid, and intratracheal instillation of Escherichia coli. Ours results showed that although the recruitment maneuver re-expanded collapsed alveoli in both ATEL and ALI groups (Table 2) , this beneficial effect was more significant in atelectatic lungs without inflammation (Table 3) . Bilek et al.
(7) reported that pulmonary surfactant protects lung epithelium from mechanical stresses associated with airway reopening injury. However, RM is deleterious both in the models of mechanical atelectasis and ALI, and control group. Thus, the tissue stress induced by RM is probably the major component that account for the increment in PCIII mRNA.
Ventilation with 5 cmH 2 O PEEP after recruitment avoided the stimulation of PCIII mRNA expression induced by the maneuver (Fig. 6 ). Recruiting the lung and preventing derecruitment decreases the potential for lung injury by avoiding the repetitive shear stress associated with opening and closing unstable lung units (24, 29). Thereby, we can not discard that the increase in PCIII mRNA expression was avoided in PEEP ventilation also by preventing derecruitment.
It has been already demonstrated that hypoxia leads to increased collagen synthesis in rat pulmonary artery (6). However, the beneficial effect of 5 cmH 2 O PEEP ventilation after In clinical scenario patients undergo high levels of PEEP to achieve optimal recruitment, and during these interventions they may be exposed to sudden derecruitment of previously recruited lung by a sudden withdrawal of PEEP. Sudden loss of recruitment may accentuate ventilation inhomogeneity and cause further closing of small airways, rendering the lung more vulnerable to injury. Recently, Suh et al. (50) showed that derecruitment of initially recruited lung may increase lung injury associated with mechanical ventilation. In our study, recruitment maneuver followed by ZEEP led to derecruitment, showing an increased expression of PCIII mRNA (Fig. 5 ). Conversely, a PEEP level as low as 5 cmH 2 O after RM avoided derecruitment in this model of moderate ALI. Thus, not only recruitment maneuver per se but also the derecruitment after previous reopening of collapsed alveoli can be the triggering factor for procollagen expression.
In conclusion, recruitment/derecruitment triggered type III procollagen expression in healthy lungs with atelectasis and with previous lung inflammation. In addition, the use of low PEEP levels right after the maneuvers aborted the increase in type III procollagen expression, being an effective strategy to minimize the potential harm associated to cellular mechanical stress. 
